It is estimated that an unknown, yet possibly large, number of patients would benefit from transplantation of the heart and both lungs if technically, physiologicailly, and immunologically feasible. In this paper we attempt to explore the main non-immunological areas in which we feel that cardiopulmonary transplantation requires further evaluation. A technique is described by which the heart and lungs, as one unit, can be removed from a donor animal, and viability of these organs can be maintained for several hours by autoperfusion (circulation being through the coronary and pulmonary vessels) with positive pressure ventilation via the trachea. This simple heart-lung preparation preserves the organs concerned for sufficient time to allow preparation of the recipient, transport of the donor organs, and tissue typing to be carried out. Our technique of implanting these donor organs into the recipient is also described. 
It is estimated that an unknown, yet possibly large, number of patients would benefit from transplantation of the heart and both lungs if technically, physiologicailly, and immunologically feasible. In this paper we attempt to explore the main non-immunological areas in which we feel that cardiopulmonary transplantation requires further evaluation. A technique is described by which the heart and lungs, as one unit, can be removed from a donor animal, and viability of these organs can be maintained for several hours by autoperfusion (circulation being through the coronary and pulmonary vessels) with positive pressure ventilation via the trachea. This simple heart-lung preparation preserves the organs concerned for sufficient time to allow preparation of the recipient, transport of the donor organs, and tissue typing to be carried out. Our technique of implanting these donor organs into the recipient is also described. We have carried out this operation on approximately 100 dogs and have been impressed by the good cardiac function obtained, but spontaneous respiratory function has been either absent or inadequate to sustain life for more than a few hours. It would appear that dogs cannot tolerate bilateral pulmonary denervation, and our findings are discussed in the light of other work on this subject. Work on primates suggests that man would be able to undergo this procedure successfully. The organizational and ethical problems involved in cardiac and cardiopulmonary transplantation are briefly discussed.
The Registrar General's (1967) Statistical Review of England and Wales for the year 1965 lists 152,718 deaths from arteriosclerotic and degenerative heart disease and 6,216 from chronic rheumatic heart disease. Many of the former group of patients might be very old with generalized arteriosclerosis and would not be considered for heart transplantation, but there remains a large numiber of middle-aged subjects who would be suitable for any possible f-orm of treatment. Although the day is foreseen when these disorders may be prevented or satisfactorily treated by medical therapy, it is likely that, with the present rapid expansion of knowledge of tissue typing and immuno-suppression, heart transplantation will be a means of treatment in the intervening years.
Many of these patients have secondary lung damage and would benefit from transplantation of the heart and one or both lungs. In Children who are unlikely to reach maturity because of complex intrathoracic congenital defects would also benefit, but the problems of growth will have to be overcome.
Heart-lung transplantation may also have a part to play in the treatment of various lung diseases which affect the function of the heart, notably chronic bronchitis and emphysema, and it is conceivable that certain advanced cases of carcinoma of the bronch,us involving mediastinal tissues may be treatable only by total excision of the heart and both lungs with homograft replacement. In 1965 there were 26,042 deaths from chronic bronchitis (with and without emphysema) and a further 18,300 from primary neoplasms of the bronchus, trachea, and lung.
The biggest single problem in the treatment of these patients will eventually lie in the provision of sufficient donor organs and in their satisfactory preservation. The source of such donor organs will be largely from patients dying from head 392 D. B. Longmore, D. K. C. Cooper, R. W. Hall, J. Sekabunga, and W. Welch injuries and neoplasms of the central nervous system. In 1965 there were 9,902 deaths from the former cause and 1,780 deaths from the latter. This iwould provide only 11,682 possible donors to supply a very much greater potential recipient population. The answer to this problem of supply and demand may prove to lie ultimately in the use of heterografts from anatomically and immunologically suitable animals or in the development of artificial mechanical organs, though the difficulties presented by both of these possibiliti-es are enormous.
Homotrans-plantation of the heart and both lungs would seem to have a place in an as yet unknown but definite number of patients with heart and lung disease. Such a procedure incorporates some of the problems of the individual tran-splantation of the heart or lung. Homotransplantation of these organs individually has been studied extensively by many workers. Shumway, Lower, and Stofer (1966) and Cooper (1968) have recently reviewed the subject of homotransplantation of the heart, and Hardy and Alican (1966) have reviewed the problems associated with lung transplantation.
Studies of transplantation of the heart together with both lungs as a functioning unit are few, and many questions remain to be an.swered, in particul,ar, the effect on respiration of denervation of both lungs (Cooper, 1969) .
Six major problems must be considered and overcome in the transplantation of any vital organ:
1 The experimental procedures to be described have been carried out in dogs, generally mongrels, weighing from 10 to 35 kilograms. Efforts were made to perform the operation on two dogs well matched in size and weight. No attempt was made to crossmatch the blood of the two animals.
TECHNIQUE OF PREPARATION AND SHORT-TERM PRE-SERVATION OF THE DONOR HEART AND LUNGS
The donor animal is anaesthetized with pentobarbitone sodium (Nembutal), 25 mg./kg. body weight, and maintained on a mechanical ventilator on 100%
oxygen. The chest is opened by a bilateral transverse thoracotomy in the 4th intercostal space. The azygos vein is doubly ligated and divided near its junction with the superior vena cava. The superior and inferior venae cavae are mobilized but not yet ligated. The trachea is dissected out, as are the brachiocephalic and left subclavian arteries. The arch and proximal descending aorta are mobilized, and the lungs are freed by division of their pulmonary ligaments. The heart and lungs are dissected away from the deeper mediastinal structures, the dissection being carried out in the relatively avascular plane anterior to the oesophagus. The pericardium is excised. At this stage of the procedure the donor animal is heparinized and is given 10 mg. dipynidamole6 intravenously, a drug which we have found valuable in dilating the coronary arteries and thus improving 6Persantin-Boehringer Ingebeim Ltd.
group.bmj.com on August 15, 2017 -Published by http://thorax.bmj.com/ Downloaded from cardiac action. In earlier studies adrenaline was used with a similar effect, though this led to troublesome disorders of cardiac rhythm.
With the heart and lungs freed from the underlying structures, only the major vessels and trachea need to be divided to complete the dissection. First, the brachiocephalic and left subclavian arteries and superior vena cava are each doubly ligated and divided, followed immediately by ligation and division of the inferior vena cava (Fig. 1) 
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The heart-lung preparation is now functioning as an independent unit and can be lifted from the donor animal. Attention is paid to oozing from small vessels in the preparation, for if the organs are to be transported and preserved for a few hours a considerable blood loss can result during this period. In the dissection of this specimen no attempt is made to preserve the distal bronchial arteries.
The donor heart and lungs or heart alone can be transplanted into the recipient animal immediately, or the heart-lung preparation can be preserved for several hours before the organs are inserted. Demikhov (1950) was the first to realize the potential of this preparation as a means of transporting the organs involved. Its great advantage as a means of temporary storage is its simplicity. As long as the lungs are kept gently oxygenated, the left heart will receive oxygenated blood with which it will supply the myocardium via the dilated coronary arteries. The desaturated blood will return via the coronary sinus to the right heart, and will be returned to the lungs for gaseous exchange.
During early studies the preparation was hung from a frame, but it was found that cooling and drying of the surface of the heart led to disturbances and eventual cessation of function within one to two hours. Subsequently, the specimen has been placed in either a bowl or plastic bag containing peritoneal dialysing solution with potassium added to D. B. Longmore, D. K. C. Coioper, R. W. Hall, J. Sekabunga, and W. Welch oxygen. Major surgery such as heart substitution takes time to organize. It is advantageous to be able to obtain and store hearts in a si-mple manner which m-ight be undertaken easily at peripheral hospitals where there may not be sophisticated facilities. It is also necessary to be able to transport the specimen read,ily.
Robicsek, Sanger, and Taylor (1963) have described a similar method of autoperfusion of the heart-lung preparation, but they incorporated a pressure-stabilizing 'buffer' 'bag of blood which was connected to the ao-rtic stump and had to be hung up one metre above the preparation. The metalbolic changes in th-e or-gans using this method of storage have been studied by Yamada, Bosher, and Richardson (1965) . Our own studies will be reported fully later.
TECHNIQUE OF PREPARATION OF THE RECIPIENT ANIMAL AND IMPLANTATION OF THE DONOR HEART AND LUNGS
Anaesthesia of the recipient animal is identical to that of the donor. The animal is placed in the left lateral position and the chest is opened in the right 5th intercostal space ex-tending through the sternum. After preliminary dissection, which includes careful preservation of both phrenic nerves, the venae cavae are separately cannulated, as is the left femoral artery, and normothermic cardiopulmonary bypass is established using a Proctor oxygenator with a clear fluid prime.
Each lung is separately mobilized and excised, as are the ventricles, leaving in the recipient the entire right atrium and the posterior wall of the left atrium (Fig. 2) . The vagus nerves are disturbed as little as possible. The trachea is divided just above the carina. The coronary sinus opening into the right atrium is closed.
The donor specimen is then removed from its container and placed in the left chest of the recipient, and the right lung is passed behind the right atrium to lie in the right pleural cavity. The donor trachea is passed through by the same route and reintubated with a sterile tube, and ventilation is re-established. The two aortae are then anastomosed using an everting suture. An air needle is inserted and the clamp on the recipient aorta is released, driving air out of the junctional region. The clamp on 'the donor aorta is released, allowing coronary perfusion from the pump-oxygenator. Ventilation of the lungs can then be discontinued. It is important to vent the donor right atrium quickly at this stage to prevent overdistension of the heart if ejection is not satisfactory. A linear incision is made in the donor right atrium and this chamber is anastomosed to the host,tricuspid ring. The tracheal edges are tailored and anastomosed (Fig. 3) . Ventilation is re-established through an oral endotracheal tube and cardiopulmonary bypass is discontinued. The procedure requires 30-90 minutes' bypass time. Two pleural drains are inserted and, if cardiac funotion is satisfactory and haemostasis has been obtained, the chest is closed. GROUP 2 In these cases the donor heart was in a very poor condition at the outset of the procedure. This group contains those hearts which fibrillated during their removal from the donor animal and which could not be defibrillated. In the-se cases the organs were cooled in iced saline until implanted in the host, when they were rewarmed. Such hearts have uniformly done badly. Although definite pathology was present in some cases, the causes for this early fibrillation are not fully understood, but it has been noticeable that these donor animals were generally in extremely poor condition. We have not drawn conclusions here either. GROUP 3 In the hours following the operation these animals were haemodynamically stable and satisfactory, but they continued to ooze. By replacing the blood loss in these dogs it has been possible to make observations regarding their cardiac and respiratory function.
This group contains a large number of dogs. Death occurred 6-9 hours post-operatively from hypovolaemia when it became impossible to replace the blood lost.
However, it is noteworthy that in these dogs cardiac function was good. Slow idio-ventricular rates were rare. The heart beat strongly and with a regular rhythm, maintaining an adequate systemic blood pressure and a variable pulse rate between 70 and 150 beats/iminute. These facts, together with the observation that pulmonary oedema did not occur, suggest that left heart function was good. Central venous pressure was maintained with-in normal levels, confirming that right heart function was equally satisfactory.
The electrocardiogram usually showed some changes of myocardial damage while the heart was in the early post-operative phase, but there was a slow, progressive return towards normality.
Respiratory function was by no means as satisfactory as cardiac function. One-third of the animals in this group showed no return of spontaneous respiration and required maintenance by mechanical ventilation throughout the postoperative phase. The majority of the others regained only a gasping form of respiration which was totally inadequate to support life for more than a few minutes. This rapidly diminished to total apnoea and the animal would have died unless it had been ventilated artificially. A minority of dogs breathed more satisfactorily, but it was rarely adequate to maintain good oxygenation of the blood for more than one to two hours.
Many of these animals showed signs of central nervous system recovery following the procedure, with the return of pupillary, eyelid, and other reflexes and *of spontaneous movements, which at times have been vigorous enough to require sedation. Many also passed urine.
Although complicated by the need for continuous fluid replacement, the general picture of this group was one of satisfactory cardiac function but inadequate respiratory function. GROUP 4 A small number of dogs have been complete technical successes with good haemostasis, though the maximal survival, even in this group, has been only 25 hours. Our longest survivor illustrates the observations made from these animals. First, it is notable that the recipient and donor were litter-mates and were particularly healthy. They were only 18 months old. Their extremely good condition and youth were quite possilbly important factors in their increased survival time. The recipient was perfused for only temic blood pressure was 110/60 mm. Hg (the pre-operative 'blood pressure of the recipient had been 220/150 mm. Hg and of the donor 140/95 mm. Hg) and the central venous pressure 2 cm. H20. The dog began to make intermittent spontaneous respiratory moverments 2 hours after closure of the chest and was 'fighting' the respirator 1 hour later, sufficiently so that artificial respiration was discontinued. At this time blood gases were satisfactory (pH 7 4, standard bicarbonate 19, PCO2 27 5, P02 230) and the animal breathed spontaneously for the next 32 hours without difficulty. The respirations were deep, slow, and regular, though not far removed from normality. After 1 hours of spontaneous respiration with the animal breathing a mixture of air and oxygen, blood gases were still nearly normal (pH 7-3, standard bicarbonate 25, PCO2 58, P02 183).
The animal continued in this satisfactory state, maintaining a constant blood pressure of 150/ 100 mm. Hg, and a venous pressure fluctuating between 4 and 6 cm. H20. The return of spontaneous movements and reflexes was observed during this period. Six-and-a-half hours after closure of the chest respiration became laboured and then stopped suddenly, followed by a rapid fall in blood pressure. Conditions were stabilized by mechanically ventilating the dog and administering a small dose of adrenaline. From this time onwards a slow adrenaline infusion was required to maintain an adequate blood pressure, and the animal did not again show any adequate spontaneous respiratory movements.
The animal continued in this state, passing adequate quantities of urine, until its death 25 hours after operation. Death resulted from irreversible ventricular fibrillation, which occurred suddenly and for no obvious reason when the animal was being lifted on to an x-ray taible.
In this group death has generally resulted from a gradual decline in respiratory performance followed by relatively sudden cardiac failure.
Two animals have breathed with normal rate, depth, and rhythm in the early post-operative phase but later showed progressive inadequacies of oxygenation, which may be related to areas of patchy collapse seen on chest radiographs.
Radiology has also revealed at least one case of acute gastric dilatation, perhaps a result of vagus nerve damage in the chest.
In several dogs we have electrocardiographic evidence of electrical conduction across the atrial suture line at least for a short period after implantation. The E.C.G.s showed two P waves, the recipient P wave first and the donor atrium contracting suibsequently (Fig. 4) . It should be remembered that the recipient SA node and right atrium have lost their main blood supply, and, subsequently, ischaemic changes lead to cessation of function of the recipient sino-atrial node.
......... showing the relationship between the recipient P wave (PR) and the donor P wave (PD).
DISCUSSION
Although we have been unable to achieve longterm survival we have been impressed with the good cardiac function obtained foillowing transplantation. Respiratory fail,ure has occurred in a large number of our animals and it appears that most dogs do not tolerate bilateral lung denervation. Further work in our laboratory (Sekabuniga, Cooper, and Manders, 1969) has confirmed this and concurs with the stud,ies of Webb and his colleagues Howard and Webb, 1957; Webb, deGuzman, and Hoopes, 1961; Nakae, Webb, Theodorides, and Sugg, 1967) . However, it is likely that a small number of dogs would survive following this procedure. Survivors reported by Demikhov (1962) and Lower, Stofer, Hurley, and Shumway (1961 Since any such system works by matching demand with sudden availability, the wider the catchment area, the better the total match. Ultimately, then, the national and continental services that come into being will merge to form the global service that supersonic aircraft will make possible within a decade (Longmore, 1968 
